Introduction
Although Warburg respirometers have been used extensively in animal physiology for a number of years they have niot been employed by plant physiologists as much as their accuraey and convenieniee seem to warrant. HARRINGTON (2) used a modification of the Warburg principle in his respirometers, but TANG (6) and MURLIN (5) apparently are the only workers to use the standard type of respirometer for studies of seed respiration. The Warburg respirometer permits simultaneous measurement of 02 consumption and CO2 production on small samples for short time intervals.
This makes possible easy and rapid replicationi of determinations without excessive use of material. By the use of respirometer vessels of suitable size and shape not only seeds, but small fruits, small seedlings, excised roots, buds, flowers and other plant parts may be placed in them.
A careful study of the technique was made in colnnection with their use in an investigation of the respirationi of acorns at various temperatures.
It was found that several factors must be considered which are not included in the technique as given in the papers describing their operation (4, 5, 6, 7) . This paper suggests certaini modifications of the stanidard procedure together with suggestions on the operation of both large anid small respirometer vessels.
Experimental methods
The usual procedure for obtainilnl coneurrenit measurements of 02 consumption and CO2 production is as follows. The time periods given are those which the writer found necessary for the conditions of his investigation and the letters refer to the sample record sheet at the end of the paper. For the most efficient operation of the respirometers it is desirable to determine experimentally the time periods required for temperature adjustment. This can be done by placing the vessels in the bath under the conditions of the experiment and observing the time necessary to bring the manometric fluid to a constant level after the stopcocks of the maniometers are closed.
for the respiring material is placed in position, the top of the vessel seated and the whole unit attached to the manometer. The apparatus is set upon a shaker so that the vessels are submerged in a constant temperature bath.
After the vessel has come to the temperature of the bath (7 minutes) the apparatus is removed from the shaker, taken apart, the respiring material placed in the vessel upon the support, and the unit reassembled and returned to the shaker. The time a is recorded when the material is placed in the vessel, and this time is used as the start of the period of CO2 production. Three minutes later, after respirometer and material are at the temperature of the bath, the Vf (a) gives the volume of the dissolved gas and this is added to the free gas to give the-total volume (this expression was omitted by the writer for reasons presented later in this paper). PO = normal pressure in terms of manometric fluid (for BRODME'S solution, 10,000 mm.). In experiments where a constant volume of material is to be used at constant temperature, the quantity within the brackets in the above formula remainis constant for a given vessel and can be assigned a value which may be referred to as the vessel constant. The vessels used in the present work had a capacity of about 90 ml. ( fig. 1 ) and vessel constants of from 7 to 9 whereas-the majority of vessels described in the literature are of about 15-ml. volume and have correspondingly smaller vessel constants of about 1 to 3. Where the vessel constant of an apparatus is 1 the reading of a change in pressure on the manometer may be transferred directly to terms of volume; but as the vessel constant increases, the change in pressure as shown by the manometer is smaller by the reciprocal of the vessel constant. When a vessel constant becomes as large as 10, the accuracv with which the reading may be interpreted becomes 0.1 as great as if the vessel constant were solubility of gases in the reagents. Theoretically, the solubility of 02 and CO2 in the reagents should be considered, but in most experiments it is a negligible factor and correction for solubility by the usual method may actually decrease the accuracy of the measurements. The usual procedure suggests the use of Bunsen's solubility tables (3) but these tables represent determinations using distilled water as the solvent and the gas at 760 mm. of pressure. Neither of these conditions holds for the respiration experiments, for the final solution in the respirometer is a salt solution in which gases are less soluble than in pure water and the concentration of gases, especially CO2 is low. In the writer's experiments the concentration of CO2 in the vessels did not exceed three times its concentration in the normal atmosphere and its pressure would be only about 0.76 mm. or 0.1 per celnt. of that called for by standard solubility tables. The alkali used by the writer for absorption of CO2 was 1.5 ml. of 2N NaOH and the acid used to liberate the CO2 was 0.6 ml. of 6N HCI. Actually there was much more CO2 in the alkali before it was placed in the vessels than in the salt solution at the end of a determination, hence none of that produced in respiration could be lost by absorption in the reagents.
Both reagents have been exposed to the 02 of the air hence are in equilibrium with the concentration of 02 existing in the vessels at the beginning of the experiment. Since only a very slight change in 02 pressure occurs during an ordinary determination, solubility of 02 may also be safely disregarded.
If the vessel constants are corrected for solubility by using the standard solubility tables they are increased. Thus, the product of the vessel constant and the manometric reading is also increased. It happens that the extent of the increase of CO2 production corrected on the basis of the solubility tables in the usual procedure approaches the increase obtained by the suggested procedure ( fig. 2 ) and the final volume of CO2 found by both methods may be nearly equal in some cases. The 02 reading, however, is invariably higher when the solubility tables are used in the usual procedure.
The attempt to obtain more accurate results by correcting for solubility of gases by these tables, therefore, actually decreases their accuracy. For these reasons the writer did not use the expression Vf (a) in the formula presented earlier.
CORRECTION FOR DIFFERENCE BETWEEN VOLUMES OF THERMOBAROMETER AND OTHER VESSELS
In making corrections for pressure changes in the vessels as indicated by the behavior of the thermobarometer certain additional corrections are necessary.
During the period in which 02 absorption is measured there is no change in the mass and volume of gas contained in the thermobarometer even though it may be subjected to temperature and pressure changes. This situation holds for any empty respirometer. The manometric change caused by external conditions for a period of time will be equal in all respirometers regardless of size and content. This equality is evident when the respirometers are run empty but it still exists when they contain respiring material. The thermobarometer correction for pressure and temperature changes during the period of 02 consumption can therefore be applied direetly to the determination of changes in 02 volume of all respirometers. As the temperature decreases, or the external pressure increases, the manometric reading of the respirometers will decrease; and as the temperature increases or the external pressure decreases the manometric reading of the respirometers will increase. Thus, the thermobarometer correction may be applied by either subtracting the decrease of the thermobarometer reading from, or adding the increase of the thermobarometer reading to, the reading of each of the experimental respirometers.
The correction for CO2 contained in the reagents cannot be applied directly to the other respirometers, however, unless they all contain equal volumes of gas, because the introduction of equal volumes of gas into systems of different volumes will produce different changes in pressure. If, for example, the total volume of one system is 500 ml. and the volume of another system is 100 ml., an addition of 10 ml. of gas to each of the systems will cause the pressures of those systems to change. The extent of these changes will be 10 and 10 500 100' 10 x 760 = 15.2 mm. increase in pressure or 775.2 mm. total pressure. 10 0°x 760 = 76.00 mm. increase in pressure or 836.00 mm. total pressure.
Thus it is clear that the pressure change in the 500-ml. system is less than the pressure change in the 100-ml. system when equal volumes of gas are introduced into them. Table I shows the relation between changes of manometric readings of the thermobarometer and the corresponding changes of each of the individual respirometers. This table is based on the values obtained by using 4 . Of course, the larger the volume of gas which is introduced into the systems becomes, the more conspicuous this difference becomes, until a change of 90 mm. of the control manometer would indicate a change of only 81.54 mm. in the manometer of respirometer 4. As the volumes of the vessels become smaller the differences between the volumes of the control and the experimental respirometers must become proportionately smaller if the ratio between the volumes is to be kept near 1.
Should the control respirometer and an experimental respirometer have respective total volumes of 9 and 10 ml., the correction factor for the experi-9 mental respirometer would be -= 0.9, or practically the same as the correc-10 I tion factor obtained in the preceding paragraph where the difference in volume of the two systems is 10 ml. while in the present instance the difference is but 1 ml. It is important to note that a complete table of the type suggested by table I cannot be constructed unless a constant volume of material is to be used. In such an instance the volume of the material and reagents should be deducted from the total volume of the systems of the experimental respirometers. The volume of the reagents contained in the thermobarometer should also be deducted from its total volume. Suppose, during the experiment, the control respirometer (10-ml. volume) showed a manometric reading of 30 for CO2 and 1 ml. of the reagents and respirometer no. 1 (12-ml. volume) showed a manometric reading of 80 for the C02 produced by 1 ml. of respiring material plus the amount contained in 1 ml. of the reagents. The usual procedure has been to subtract 30 from 80 for a reading of the CO2 produced by the respiring material. The fallacy in this is shown by the following calculations.
The vessel constants of the systems are computed for 00 C. using the formula which has been given. In an experiment using a control respirometer of 92 ml. and an experimental respirometer of 112 ml., suppose the control showed a manometric reading of 30 while the manometer of experimental respirometer no. 2, which contained 10 ml. of respiring material plus 2 ml. of reagents, read 80 for the production of C02 at 0°C. In this second instance the percentage difference is the same but the amount of gas concerned is ten times as much as in the first instance. It may be repeated that the smaller the vessel constant of a system, the greater is the accuracy of manometric readings for that system. While the effect of the difference in volume between the control and experimental respirometers may be considered negligible in some studies (when the vessels are of 10 to 15 ml. capacity), in investigations where larger (100-ml.) respirometers are used the effect of this difference in volume would necessarily be considered in order to obtain the greatest possible accuracy for the experiment. 
Summary

